Polyadenylation is a nuclear process that involves the endonucleolytic cleavage of RNA transcripts and the addition of poly(A) tails. The cleavage often takes place at different positions within the same RNA transcript, generating alternative 3'ends.
Introduction
Neurons are distinct with their complex morphology and structural and functional compartmentalization. Recent studies have highlighted the importance of the decentralized translational machinery and how it underlies important cellular processes such as synapse formation, plasticity and memory (Holt and Schuman, 2013) . The localization of mRNA and its regulated translation are integral components of local protein synthesis in neurons. Like in non-neuronal systems, the 3' untranslated region (3'UTR) as well as the polyA tail length of an mRNA molecule harbor information and regulatory nodes for compartment targeting, translational efficiency and stability (Martin and Ephrussi, 2009; Weill et al., 2012) . Recently, unusually long 3'UTRs were observed in mouse and human brain samples and many of these 3'UTRs belong to mRNAs that are alternatively polyadenylated (Miura et al., 2013; Taliaferro et al., 2016) .
Polyadenylation takes place in the nucleus and involves the recognition of pre-mRNA sequences by a specific set of molecules (see (Elkon et al., 2013) ). Besides the core polyadenylation proteins (e.g. Cleavage and Polyadenylation Specificity Factor, CPSF, and Cleavage Stimulation Factor, CSTF), proteins that can affect the choice of the mature 3'UTR isoform have been described. While Pabpn1 (Poly(A) Binding Nuclear Protein 1) was initially described as a protein that stimulates Poly(A) polymerase (PAP) during pre-mRNA polyadenylation and controls the polyA tail length, it has recently been associated with long non-coding RNA turnover, the hyperadenylation and decay of specific nuclear RNAs and the regulation of 3'UTR isoform choice (Beaulieu et al., 2012; Bresson and Conrad, 2013; de Klerk et al., 2012; Jenal et al., 2012; Kerwitz et al., 2003; Kuhn et al., 2009) .
A specific mutation in Pabpn1 gives rise to oculopharyngeal muscular dystrophy (OPMD) (Brais et al., 1998; Chartier et al., 2015) . In muscle cells, Pabpn1 promotes the preferential maturation of long 3'UTR isoforms (de Klerk et al., 2012; Jenal et al., 2012) . To test for a potential role of Pabpn1 in 3'UTR lengthening in neurons, we first examined the abundance of Pabpn1 in the cortex, cerebellum, and hippocampus.
Using an shRNA strategy, we discovered that knock down of Pabpn1 (Pabpn1-KD) leads to a decrease in the long 3'UTRs of several key synaptic plasticity genes.
Unexpectedly, we found that the coding sequences of these genes are also decreased, suggesting that Pabpn1 influences the PAP efficiency, polyA tail length and likely the lifetime of the examined plasticity genes. Finally, we observed that Pabpn1-KD also blocks homeostatic scaling, a form of synaptic plasticity that requires mRNA translation (Schanzenbacher et al., 2016) .
Results

Pabpn1 regulates polyadenylation of key synaptic plasticity genes
Pabpn1 is a ubiquitously expressed protein. To examine its expression pattern in different brain areas, we conducted immunostaining using an anti-Pabpn1 antibody.
In the rat cortex, cerebellum and hippocampus Pabpn1 is prominently expressed in neuronal nuclei ( Figure 1A ). We additionally examined the localization of both the Pabpn1 mRNA and protein in cultured rat hippocampal neurons. We observed abundant Pabpn1 mRNA particles in the nuclei and cytoplasm ( Figure 1B ). The nuclear Pabpn1 protein staining appeared as granular structures, typically covering about 50% of the nuclear volume ( Figure 1B ).
In order to identify potential Pabpn1 mRNA targets, we bioinformatically analyzed a rat primary hippocampal neuron 3'end deep sequencing dataset (Tushev et al, unpublished) . We searched for all mRNAs that are predicted targets of Pabpn1 using the following criterium: mRNAs which possess at least two 3'UTR isoforms of which the shorter isoform ends with a less common poly(A) signal (non-canonical) while the extended 3'UTR isoform ends with the most common polyA site (canonical, AAUAAA; PAS) (Jenal et al., 2012) . Using these criterium, we detected >1200 candidate Pabpn1 target RNAs, (data not shown). Notably, among the predicted targets we found a set of genes functionally important for synaptic plasticity including Calcium/Calmodulin Dependent Protein Kinase II Alpha (Camk2a), the Glutamate Ionotropic Receptor AMPA Type Subunit 2 (Gria2) and the Glutamate Ionotropic Receptor NMDA Type Subunit 2A (Grin2a) (Figure 2A ).
To investigate a potential role of Pabpn1 in 3'UTR lengthening in hippocampal neurons, we used RNA interference, treating dissociated hippocampal cultured neurons with either a non-targeting shRNA control or an shRNA against Pabpn1 ( Figure 2B ). Neurons treated with the Pabpn1 shRNA exhibited a ~ 50% knock down of the Pabpn1 protein ( Figure 2C ). To test if Pabpn1 plays a role in 3'UTR choice of the above predicted targets, we used an in situ hybridization approach with probes recognizing unique sequences of the long 3'UTR for the Camk2a, Gria2 or Grin2a mRNA. We analyzed the signal obtained from confocal imaging of in situ experiments and normalized the signal to the somatic or dendritic compartment area obtained by immunostaining (using an antibody against Map2). Pabpn1-KD led to a significant decrease in the long 3'UTR isoforms of Camk2a and Gria2 mRNA, while the long 3'UTR of the Grin2a mRNA was not affected ( Figure 2D ). Interestingly, the observed decrease of the long Camk2a 3'UTR isoform was more pronounced when we analyzed the expression in dendrites which exhibited an ~80% decrease in signal, whereas the soma exhibited a ~40% decrease ( Figure 2E ).
To test if the reduction in long 3'UTR mRNA is caused by an effect of Pabpn1 on alternative polyadenylation or polyA tail lengthening, we performed in situ hybridization using probes recognizing the coding sequences of Camk2a, Gria2 or Grin2a. If alternative polyadenylation is the reason for the observed decrease in Camk2 and Gria2 long 3'UTR isoforms, no change in the coding sequence (CDS) is expected, since in the simplest scenario, a decrease in the levels of long 3'UTR isoforms should result in an increase in the levels of the short 3'UTR isoforms and hence no net effect on the total transcript level (Jenal et al., 2012) . When in situ probes directed against the coding sequence were used, both the Gria2 and the Camk2a transcript population showed decreases in Pabpn1 KD neurons. In the case of Gria2, the CDS probes showed a similar magnitude decrease as observed for the 3'UTR probe. The Camk2a CDS showed an even more pronounced decrease when compared to the 3'UTR probe (~80% decrease in the soma and 80% -90% decrease in dendrites) ( Figure 3A and B). These data suggest that the effects of Pabpn1 knock-down cannot be attributed to a simple change in the choice of polyadenylation site, but rather may affect polyadenylation in general and possibly the lifetime of the mRNA.
Pabpn1 knock down downregulates newly synthesized Camk2a protein
To examine whether the Pabpn1-KD elicited decrease in Camk2a mRNA affects Camk2a protein levels, we used the Puromycin-Proximity Ligation Assay (Puro-PLA), (tom Dieck et al., 2015) . Following 3 days of Pabpn1-KD, we incorporated puromycin (4 min), a tRNA analog that leads to translation termination, into newly synthesized Camk2a. We then used puromycin-and Camk2a-specific antibodies and secondary antibodies coupled to oligonucleotides that allow rolling-circle amplification, to coincidently detect puromycin and Camk2a in the same molecule (tom Dieck et al., 2015) ( Figure 4A ). This allowed for an in situ visualization of the quantity of newly synthesized Camk2a protein upon Pabpn1-KD. In control experiments, the protein synthesis inhibitor anisomycin (40 µM) was added 30 min prior to shRNA transfection. Using this strategy, we observed a significant decrease in newly synthesized Camk2a in both somata and dendrites following Pabpn1-KD ( Figure 4B and C).
Pabpn1 knock down interferes with homeostatic plasticity
Given the above regulation of both Camk2a and Gria2, we next determined whether Pabpn1 and polyadenylation play a role in homeostatic plasticity. We elicited homeostatic plasticity using a 24 hours treatment of bicuculline a gammaaminobutyric acid A (GABA A ) receptor antagonist that elicits homeostatic downscaling of miniature excitatory postsynaptic current (mEPSC) amplitudes (Turrigiano et al., 1998) . In untreated or control shRNA neurons, bicuculline treatment resulted in a down-scaling of synaptic transmission ( Figure 5A ). In contrast, neurons that were exposed to shRNA against Pabpn1 failed to exhibit homeostatic scaling. To examine whether Pabpn1 itself may be regulated by the bicuculline treatment we measured Pabpn1 mRNA expression levels with in situ hybridization (using probes directed against the Pabpn1 coding sequence probe as well as qPCR ( Figure 5B , C). In both cases we detected no change in Pabpn1 expression levels following BIC treatment, nor were there changes in Pabpn1 protein, as assessed by immunostaining ( Figure   5D ). Thus, the observed block of homeostatic plasticity following Pabpn1-KD is caused by effects on downstream plasticity genes that are targeted by Pabpn1 and potentially regulated by effect on polyA tail length and/or alternative polyadenylation.
To directly test if a decrease in Camk2a protein elicited by Pabpn1-KD (Figure 2 and 3) causes the block of homeostatic scaling we knocked-down Camk2a using an shRNA approach. The treatment of neurons with an shRNA against Camk2a resulted in an 35% reduction in Camk2a protein, (data not shown). The KD of Camk2a protein resulted in a decrease in the mEPSC amplitude ( Figure 5 ). The addition of bicuculline, however, did not elicit a further down-scaling of the mEPSC amplitude in the Camk2a-KD neurons ( Figure 5E ). There are two important aspects of this experiment to interpret. The first aspect concerns whether or not homeostatic scaling was affected by either KD, and in this case both KDs blocked scaling, consistent with the possibility that the effect of Pabpn1-KD on plasticity could be due to the reduction in Camk2a protein. The second consideration is the extent to which, under baseline conditions, the KD of Pabpn1 and Camk2a elicit similar phenotypes.
The KD of Camk2a resulted in a reduction in the basal mEPSC amplitude which was not observed in the Pabpn1 KD. As the Pabpn1 KD resulted in a 56% reduction of Camk2a protein and the Camk2a KD resulted in a 35% percent reduction of Camk2a protein, this is unlikely to be due to differences in KD efficiency. Alternatively the difference could be due to the fact that Pabpn1 has multiple targets and a change in one or more of its other targets could compensate for the effect of Camk2a KD on the basal mEPSC amplitude.
Discussion
Based on a model proposed by Jenal and colleagues (Jenal et al., 2012) we bioinformatically screened 3'end sequencing libraries of hippocampal neurons and predicted >1200 Pabpn1 targets. Using confocal microscopy we examined several key synaptic plasticity genes from the predicted targets dataset and found that Pabpn1 regulates polyadenylation of Camk2a and Gria2 but does not regulate Grin2a. Based on an observed decrease in both 3'UTR and coding sequence of Camk2a and Gria2, we suggest that the mechanism leading to the detected phenotype includes the regulation of polyA tail length and subsequent effects on the transcript stability and translation. The proposed mechanism is in line with our finding that Pabpn1-KD elicited a decrease in newly synthesized Camk2a protein.
In this study, we detected a significant downregulation of Camk2a in dendrites following Pabpn1-KD. Camk2a mRNA codes for the Calcium/Calmodulin Dependent Protein Kinase II Alpha (CamkIIα), a highly abundant protein in neurons and key mediator of synaptic plasticity (Miller et al., 2002; Wayman et al., 2008) . Using mutant mice in which the Camk2a dendritic localization element was disrupted, Miller and colleagues demonstrated the importance of dendritically localized Camk2a for some forms of memory (Miller et al., 2002) . Taking these findings into consideration, our data showing that Pabpn1-KD leads to a significant downregulation of Camk2a in dendrites, as well as a block of homeostatic plasticity suggests that the disruption of Camk2a function may be, at least in part, responsible for the block of homeostatic scaling following Pabpn1-KD. In contrast, the effect of Camk2a-KD on basal mEPSC amplitude was not phenocopied by Pabpn1-KD. This suggests that Pabpn1-KD has other effects that compensate for the reduction in mEPSC amplitude observed following Camk2a-KD. We suggest that changes in some of the predicted but not studied Pabpn1 targets may also regulate mEPSC amplitude.
The second examined key synaptic plasticity gene was Gria2 encoding the GluR2 subunit of the AMPAR. AMPARs mediate excitatory transmission in the brain.
Changes in the number of AMPARs are crucial for homeostatic plasticity. Goold and Nicoll (2010) found that synaptic depression of AMPARs requires the GluR2 AMPAR subunit. The authors measured EPSCs following shRNA against GluR2 and detected a block of synaptic scaling (Goold and Nicoll, 2010) . We would predict a decrease in the amplitude of basal mEPSCs upon GluR2-KD, similar to what we observed for Camk2a. Therefore, we suggest that change in GluR2 is also not the cause or the sole cause of the block of homeostatic scaling we observed following Pabpn1-KD.
Taken together, our study shows that Pabpn1 regulates polyadenylation of the key synaptic plasticity genes Camk2a and Gria2, while based on bioinformatic predictions it may also regulate multiple other targets in neurons. Further, Pabpn1 deficiency impairs homeostatic plasticity by a mechanism that we suggest consists of multiple molecular players including but not restricted to Camk2a and Gria2. In future studies, 3'end sequencing of Pabpn1-depleted cells in combination with RNA interference strategies against multiple targets may dissect this mechanism and further shed light on the roles of Pabpn1 and polyadenylation in homeostatic plasticity. Finally, our findings show a potential link between Pabpn1 and neurological disorders in which plasticity is impaired.
Materials and methods
Primary hippocampal neuron culture
Primary hippocampal neuronal cultures were prepared from hippocampi of day 1 Sprague Dawley male and female rat pups as described previously (Aakalu et al., 2001 ). Neurons were plated onto poly-D-lysine-coated glass-bottom MatTek dishes (density: 20 to 40 x 10 3 cells/cm 2 ) and maintained in Neurobasal A medium containing B-27 and glutamax supplements (Invitrogen) at 37°C until they were used . Experiments were performed according to the regulations of German animal welfare law.
RNA interference experiments
Knock down of Pabpn1 and Camk2a were performed using SureSilencing shRNAs, 
In situ hybridization and immunostaining in primary neurons
In situ hybridization was performed using the QuantiGene ViewRNA All steps were performed at room temperature. Neurons were washed and stored in 1x PBS prior to imaging.
Immunostaining in tissues
Whole brain and hippocampi were isolated from adult wild-type rats and fixed in 4%PFA/PBS over night at 4 °C. Using a vibratome (Leica VT-1200), 50-100 μm thick slices were prepared. All subsequent steps for immunostaining were performed freefloating in 24 well-plates. Slices were permeabilized for 30 min at room temperature in 1%Triton/TBS and blocked for 1 hour in 1%BSA/1%Triton/TBS. Primary antibody staining was performed in blocking buffer overnight (rb anti-Pabpn1, Abcam, ab75855, 1:250 and ms-anti-Map2, Sigma, M9942, 1:1000). Slices were then washed three times in TBS, rocking for 10 min each time. Sections were incubated in secondary antibody/blocking buffer and 4,6-Diamidino-2-phenylindole, dihydrochloride (DAPI), 1:1000 for 2 hours at room temperature, washed three times, 10 min for each washing step. Slices were mounted and stored at 4 °C until imaging.
Puro-PLA assay
Puro-PLA assay was performed as previously described (tom Dieck et al., 2015) with the following modifications. Briefly, cells were pretreated with anisomycin for 30 min and treated with puromycin for 4 min, or not treated as a control. Cells were fixed for 15 min, permeabilized for 10 min and blocked for 1h. Primary antibodies mouse antiPuromycin, 1:3500, Kerafast, EQ0001 and rabbit anti-Camk2a, 1:1100, Millipore, 04-1079 were applied for 1.5 hour, washed and proximity ligation probes (PLA antirabbit PLUS, DUO90002 and PLA probe anti-mouse MINUS, DUO90004, both Duolink in situ, Sigma Aldrich) were applied for 1 hour at 37 °C. The ligation was performed for 30 min and the amplification for 100 min using the Duolink Detection Reagents Red DUO92008. Neurons were post-fixed for 10 min and immunostained following a standard protocol using the following antibodies: gp-anti-MAP2 (Synaptic Systems, 188004, 1:2,000) and donkey anti-gp Cy5, Dianova, 706-175-148, 1:500.
Neurons were stored in 1x PBS until imaged.
Image acquisition and processing
Images were acquired using a Zeiss LSM780 confocal laser fluorescence microscope system. Typically confocal images of 15-30 confocal planes were taken at optimal intervals using a 40x oil immersion objective. Somata of GFP positive neurons were circumscribed and dendrites were straightened using ImageJ software.
Image analysis of in situ data from somata was performed using a custom MATLAB script where the average fluorescence intensity was measured per Z-stack and further normalized to the MAP2 area of the circumscribed cell body. In dendrites the particle number was determined using the same MATLAB script. The number of particles was normalized to the area of the straightened dendrite. Statistical analysis was performed in few steps. First, outliers were identified and removed by the ROUT method (Q=1%). Second, the data was tested for normality using D'AgostinoPearson omnibus normality test and finally the data that exhibited a normal distribution was analyzed using unpaired t-test assuming both populations have the same standard deviation (S.D.). In cases where the data were not distributed normally, a Mann-Whitney-U nonparametric test was used.
To quantify Puro-PLA particles in somata, image analysis was performed using a custom script as previously described (tom Dieck et al., 2015) . Particle analysis in dendrites, removal of outliers and normality tests were performed as already described for analysis of the in situ hybridization data. Statistical differences between groups were determined using Ordinary One-way ANOVA followed by Tukey's multiple comparisons test.
Quantification of Pabpn1 immunostaining was performed using the Metamorph software. A low pass filter was applied to the images. Regions containing nuclei were drawn and the integrated intensity of each Z stack was calculated. Average integrated intensity by stack was calculated and divided by the area. Experiments are displayed as graphs after normalization of control to 100. Whiskers represent S.E.M.
Quantitative PCR
Rat primary neurons grown at a density of 400 x10 3 cells/cm 2 were treated for 48 were analyzed offline using the Stimfit software. Minis were detected by template matching with 4 pA set as the amplitude threshold and the detected events were individually screened with a rise-time threshold set at <0.9 ms. Statistical differences between groups were determined by Ordinary one-way ANOVA with Tukey test corrected multiple comparisons.
Bioinformatic analysis
3'end sequencing data were aligned using STAR software. mRNAs that possess the shorter isoform that ends with a less common poly(A) signal and extended 3'UTR isoform that ends with the canonical (AAUAAA) polyA site (PAS) were selected using a custom script. 
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